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Stereodynamics of cold collisions has become a fertile ground for quantized studies of molecular collisions and control
of the collision outcome. A benchmark process for stereodynamic control is rotational transition in He+HD collisions.
This process was recently probed experimentally by Perreault et al. by examining quenching from j = 2 to j′ = 0 state
in the v= 1 vibrational manifold. Here, through explicit quantum scattering calculations on a highly accurate ab initio
interaction potential for He+H2, we reveal how a combination of two shape resonances arising from l = 1 and l = 2
partial waves controls the stereodynamic outcome rather than a single l = 2 partial wave attributed in the experiment.
Further, for collision energies below 0.5 cm−1, it is shown that stereodynamic preference for integral cross section
follows a simple universal trend.
Molecular hydrogen is the most abundant molecule in
the universe and it is also the simplest neutral molecule.
Collisions of H2 and its isotopomers with He and H2 have
long served as prototypes for inelastic rotational and vibra-
tional transitions in molecules while H+H2 and its isotopic
counterparts have served as benchmarks for reactive scatter-
ing. Strong interests in these systems continue as they are
amenable to precise calculations of their interaction potential
and highly resolved experimental studies. Indeed, the HD
molecule has been the topic of a number of recent studies
focusing on the geometric phase effect in chemical reac-
tions1–3 and stereodynamics of cold molecular collisions.4–10
The latter topic has attracted considerable attention as recent
developments in intra-beam technologies11,12 allow molecular
collisions to be explored near 1 K. In this regime collisions
of light molecules like HD occur through a few low angular
momentum partial waves. Stereodynamics of such collisions
is controlled by isolated resonances and allow theoretical
predictions to be benchmarked against experiments.8–10 Ex-
periments on cold and ultracold molecules13–17 have largely
focused on dimers of alkali metal atoms prepared using
photoassociation or Feshbach resonance methods and HD
presents an excellent test case for benchmarking theory and
experiment for a prototype non-alkali metal dimer system.
Recently the stereodynamics of rotationally inelastic scat-
tering of HD with He was examined by Perreault et al.6,7 in
which the Stark induced adiabatic Raman Passage (SARP)
technique was used to prepare HD initially in the v= 1, j= 2
ro-vibrational state with control of its alignment and orienta-
tion. By analyzing the angular distribution of the inelastically
scattered HD in the v′ = 1, j′ = 0 state they concluded that
only even partial waves contribute, and in particular, an
isolated incoming d-wave (l = 2) shape resonance near a
collision energy of 1-3 cm−1 accounts for the observed an-
gular distribution. However, the experiment does not provide
energy resolved measurements although 90% of the collisions
were attributed to energies < 5 K, drastically limiting the
number of partial waves.
In this communication we provide a theoretical analysis
a)Electronic mail: naduvala@unlv.nevada.edu
of stereodynamics of rotationally inelastic scattering of HD
(v = 1, j = 2→ v′ = 1, j′ = 0) by collisions with He based
on rigorous quantum scattering calculations on a highly ac-
curate ab initio potential energy surface (PES) for the HeH2
complex. It is found that the integral cross section (ICS) for
j = 2→ j′ = 0 transition exhibits a stereodynamic preference
with a universal trend below < 0.8 cm−1 that also features a
pronounced peak due to an incoming p-wave (l = 1) shape
resonance. In the energy range of 1-3 cm−1 the ICS displays
a weak shoulder feature arising from a l = 2 shape resonance.
The stereodynamic effect in this regime and at higher ener-
gies is significantly influenced by the interference between
different partial waves. We show that dominant features of
the experimental angular distribution measured by Pereault et
al.6,7 include signatures of both l = 1 (odd) and l = 2 (even)
partial waves shape resonances.
Rotationally inelastic scattering of HD by He has been ex-
tensively reported in the literature primarily for astrophysical
applications.18–20 The HD molecule breaks the homonuclear
symmetry of H2 and angular dependence of the interaction
potential for He+HD features both even and odd terms com-
pared to only even terms for He+H2. In this study, we adopt
a modified version of the PES for the HeH2 system developed
by Bakr, Smith and Patkowski21 referred to as the BSP3
PES22. Its uncertainty in the van der Walls well region is
estimated to be less than 0.04 K, well below the mean collision
energies involved in the experiments of Perreault et al.6 The
quantum scattering calculations are carried out based on the
close-coupling (CC) scheme using the MOLSCAT code23 (see
also supplementary material).
In the SARP experiment6 the HD molecule is prepared
in a rotational state j with a specific projection component
m as | j,m > or a coherent superposition of rotational states
with different m4,9, where the z-axis for the projection of j
is parallel to the initial relative velocity for the collision. For
j = 2, in the experimental H-SARP preparation (HD bond is
preferentially aligned parallel to the initial relative velocity),
the rotational state is described as | j,m >= |2,0 > while for
the V-SARP preparation (HD bond is preferentially aligned
perpendicular to the initial relative velocity) the rotational
state is described as
√
3/8(|2,−2 >+|2,2 >)− (1/2)|2,0 >.
The HD is also prepared in a state
√
1/2(|2,−1 > +|2,1 >)
ar
X
iv
:2
00
7.
13
90
0v
1 
 [p
hy
sic
s.c
he
m-
ph
]  
27
 Ju
l 2
02
0
2using X-SARP in the experiment.6
For collisions between a structureless atom (1S) and a
closed-shell molecule (1Σ) the scattering amplitude for ro-
tational transition between oriented (m-specified) rotational
states is given by,24–27
f jm→ j′m′(θ ,φ ,E)
=
√
pi(−1) j+ j′ ∑
J=0
J+ j
∑
l=|J− j|
J+ j′
∑
l′=|J− j′|
il
′−l(2J+1)
√
2l+1
×
(
j l J
m 0 −m
)(
j′ l′ J
m′ m−m′ −m
)
T Jjl, j′l′(E)Yl′m−m′(θ ,φ),
(1)
where θ and φ are the scattering polar angles in the center of
mass frame, E is the total energy, J is the quantum number of
the total angular momentum of the collision complex defined
as J = j+ l with l denoting the orbital angular momentum
between collision partners, T (E) is the T-matrix obtained
from the S-matrix as T (E) = 1− S(E), and Yl′m−m′ denote
spherical harmonics.
To obtain differential and integral cross sections, DCS and
ICS, it is necessary to evaluate the square of modulus of the
scattering amplitude. The DCS is given as
dσ jm→ j′m′
dΩ
=
| f jm→ j′m′(θ ,φ ,E)|2
k2
, (2)
where k is the magnitude of the initial wave vector. Since the
φ -dependence is not observed in the experiment, our interest
is the θ -dependence obtained after averaging over φ :
dσ jm→ j′m′
dθ
= sinθ
∫ 2pi
0
dσ jm→ j′m′
dΩ
dφ
= 2pisinθ
| f jm→ j′m′(θ ,E)|2
k2
, (3)
where f jm→ j′m′(θ ,E) is the θ -dependent scattering ampli-
tude obtained by excluding the φ -dependent phase factor
exp{−i(m−m′)φ} from f jm→ j′m′(θ ,φ ,E) defined in Eq. (1).
The ICS (σ jm→ j′m′ ) is obtained by an integral of the DCS over
θ from 0 to pi .
Our goal is to examine the quenching of HD from j = 2→
j′ = 0 (m′ = 0) prepared in various initial alignments and
orientations. Thus the m-dependence (m= 0, ±1, and ±2) of
f j=2,m→ j′=0,m′=0 and associated cross sections are fundamen-
tal quantities because the cross section for any initial orien-
tation or alignment is given by the sum of these fundamental
cross sections. For example, the ICSs with the V-SARP and
X-SARP preparations are given using the square of modulus
of the coherent expansion coefficients for the initial rotational
states as σV = (3/8)(σ2,−2→0,0 +σ2,2→0,0)+(1/4)σ2,0→0,0
and σX =(1/2)(σ2,−1→0,0+σ2,1→0,0), respectively. Note that
σX = σ2,−1→0,0 = σ2,1→0,0.
Figure 1 (a) shows the ICS for j = 2→ j′ = 0 as a function
of the collision energy for non-polarized (isotropic) collisions
and different initial orientations (|m| = 0,1,and 2) as well
as the V-SARP preparation. Two features are notable: a
prominent peak near 0.2 cm−1 from an l = 1 partial wave and
a shoulder at 1-3 cm−1 from an l = 2 partial wave. For j = 2,
the partial wave l = 0 occurs for J = 2, the l = 1 contribution
arises from J = 1 and 3, and l = 2 from J = 0, 2 and 4. For
both l = 1 and 2, the component associated with the highest
J and outgoing partial wave l′ given as l+ 2 has the largest
contribution (see Fig. S1 in supplementary material). We note
that J = l′ due to j′ = 0 and the conservation of J.
Previous calculations by Zhou et al.28 for ( j= 2→ j′= 0 in
v= 0) using the BSP PES of Bakr et al.21 have yielded similar
ICS as our isotropic result, including the pronounced (l = 1)
and the weak shoulder (l = 2) resonances. Additional tests
by scaling the BSP3 PES by ±1% did not alter the resonance
structures. We tested three other available HeH2 PESs21,29,30
and all yielded very similar results as the BSP3 PES employed
in this study. For these tests we used the modified version of
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FIG. 1. State-to-state integral cross section for HD (v = 1, j = 2→
v′ = 1, j′ = 0) by collisions with He. (a) Initial HD orientation (m)
dependence is displayed with red (m= 0), green (|m|= 1), and blue
(|m| = 2). Results for V-SARP preparation and isotropic collisions
(non-polarized) are displayed in gray and black curves, respectively.
(b) Initial HD orientation (m) dependence ignoring the interference
of different terms in the scattering amplitude (Eq. (1)).
3the PES by Boothroyd et al.29 and Muchnick and Russek30
reported by Bakr et al.21 A comparison of the ICSs from
these PESs indicates that the resonance features are robust
to possible uncertainties in the PES (see Fig. S2 in supple-
mentary material). Moreover, recent line-shape parameters
of H2 and HD immersed in He evaluated using BSP3 PES
achieved excellent (subpercent) agreement with ultra-accurate
experimental results31,32 validating the spectroscopic-level
accuracy of the PES used in this study.
Around the primary peak (l = 1), the ICS clearly shows
a stereodynamic preference (m-dependence). The ICS with
m = 0 is the largest in the whole energy range while |m| = 2
is the lowest except around round 2 cm−1 (in the vicinity
of the l = 2 resonance) where the order of |m| = 1 and 2
is reversed. As 75 % of the V-SARP ICS comes from m =
±2, the H-SARP ICS (m = 0) should be larger in the entire
energy range, consistent with observed experimental results.
In the lowest energy region, the stereodynamic preference
disappears as s-wave scattering dominates and the Wigner
threshold behavior of inelastic cross section emerges (see also
Fig. S1 in supplementary material).
Now we analyze the origin of the stereodynamic preference
for the j = 2,m→ j′ = 0,m′ = 0 transition. In the low energy
regime, the scattering amplitude (Eq. (1)) is dominated by
s-wave (l = 0, J = l′ = 2) in the incident channel. The initial
orientation (m) dependence of the scattering amplitude comes
from the two 3-j symbols. Note that m-dependence in the
spherical harmonicYl′m will not remain in the ICS because the
integral of |Yl′m|2 over θ yields unity in evaluating ICS. The
product of the two 3-j symbols results in the m-independent
factor of 1/5, while each 3-j symbol has a m-dependent
phase factor33 (see also supplementary material). A striking
feature is that the initial orientation independence comes from
purely algebraic character of the scattering amplitude, thus the
m-independence of the ICS ( j = 2→ j′ = 0) is universal for
atom (1S) + molecule (1Σ) systems in the low energy limit.
Also this m-independence for l = 0 holds at any collision
energy.
From the above analysis, it is clear that the origin of the
stereodynamic preference observed at low energies (below 0.8
cm−1) in Figure 1 (a) is due to the l= 1 partial wave. For j= 2
there are two terms associated with l = 1 in the scattering
amplitude: J = l′ = 1 and J = l′ = 3. Again m-dependence
for these terms comes from the two 3j-symbols. For J =
l′ = 1, the product of the two 3j-symbols is m-dependent
as −
√
(4−m2)/90 with m = 0 and |m| = 1, and zero with
|m|= 2.33,34 As shown in Eq. (3), the square of the modulus of
the scattering amplitude determines the magnitude of the cross
section, thus the ratio of the ICS is 4:3 for m = 0 vs |m| = 1.
Similarly, for J = l′ = 3, the ratio of the ICSs becomes
9:8:5 for m = 0, |m| = 1 and |m| = 2, respectively34 (see
also supplementary material). Importantly, the stereodynamic
preference for m= 0 and |m|= 1 is similar for both J = 1 and
3. We note that, for the ICS, there is no interference effect
from the cross terms arising from these two terms and that
with l = 0 (J = 2).
Thus, a universal trend exists for the stereodynamic prefer-
ence for the ICS in low energy collisional rotational quench-
ing ( j = 2 → j′ = 0). We observe no m-dependence in
the s-wave regime followed by a gradual universal trend in
m-dependence with increasing collision energy due to the
contribution from an l = 1 partial wave (m = 0 (H-SARP) >
|m| = 1 (X-SARP) > (V-SARP) > |m| = 2). This universal
trend is regardless of the presence of an l = 1 shape resonance
but in the present case, the shape resonance accentuates this
feature. The m-resolved ICS ignoring cross terms in the
square of modulus of the scattering amplitude is shown in Fig-
ure 1 (b). In comparison with (a), we observe that it is possible
to describe the ICS accurately without the interference terms
(cross terms) of the scattering amplitude until the region of the
l = 1 shape resonance. At higher energies (above 0.8 cm−1 in
the present case), the interference effect between higher-order
partial waves plays a crucial role in the stereodynamics.
As stated above, the experimental study6 concluded that
only even partial waves, in particular, a resonantly enhanced
l = 2 partial wave, contributes to the inelastically scattered
HD angular distribution. In contrast, the calculated ICS
reveals contribution from the l = 1 resonance is significant
in the relevant collision energy regime and its background
contribution is non-negligible even in the region of the l =
2 resonance, ∼ 1-5 cm−1 (see Fig. S1 in supplementary
material). However, if the intensities of the l = 1 and l = 2
resonances are reversed or if collisions below 1 cm−1 are
ineffective in causing rotational relaxation under the exper-
imental conditions then it is conceivable that experimental
results will show primarily signatures of the l = 2 resonance.
As discussed earlier, resonance features are very stable and
robust across all available HeH2 PESs.
Next, we consider angular distribution of inelastically
scattered HD and contributions from even and odd partial
waves. To simulate the experimental angular distribution it is
necessary to calculate the differential rate constant8 averaged
over the relative velocity distribution of He and HD in the
experiment. The angular distribution is given by6,8
dK(θ)
dθ
=
∫ ∞
0
|vr|P(vr)dσ(θ)dθ dvr+
∫ 0
−∞
|vr|P(vr)dσ(pi−θ)dθ dvr.
(4)
We note that the relative velocity distribution P(vr) reported
by Perreault et al.6 is not symmetric about vr = 0 (see also
Fig. S3 in supplementary material). The DCS dσ(θ)/dθ
depends on the relative velocity vr and the collision energy
as given in Eq. (3). In particular, near a resonance the DCS
shows significant energy dependence (see also Fig. S4–S7 in
supplementary material).
In Figure 2, we present the differential rate constants
for even and odd partial wave contributions derived from
Eq. (S12). As discussed by Perreault et al.,6 by choosing only
even or odd partial waves, the symmetric angular distribution
about θ = 90◦ is obtained regardless of the symmetry of the
relative velocity distribution about vr = 0. The results exhibit
distinctly different features for even and odd partial waves.
The experimental results6 for H-SARP and V-SARP exhibit
two prominent peaks centered around 25◦ and 165◦ with a
shallow peak near 90◦. The shallow peak is more prominent
for the V-SARP preparation. While the experimental results
were attributed to signatures of an l = 2 resonance6, the
4computed H-SARP and X-SARP results for odd partial waves
(primarily l = 1) appears to be in better agreement with
experiment. The computed V-SARP results show markedly
different angular dependence compared to the experimental
data and exhibit distinctly different features for even and
odd l values. In particular, the strong central peak seen for
even l is absent for odd l. The m-resolved differential rate
constants that include contributions from both even and odd
partial waves are displayed in Figure 3 as a function of the
scattering angle. The dominant contribution from l = 1 is
clearly reflected in the overall rate constant.
In Figure 4 we compare our results that include contribu-
tions from both even and odd partial waves with the experi-
mental angular distributions6. For the comparison, we omitted
contributions from DCS below 0.01 cm−1 (|vr| ∼ 12 m/s) in
evaluating the integrals in Eq. (S12) to limit contributions
from purely s-wave scattering. However, this truncation
has only a very small effect as higher or lower values of
energy truncations yield very similar results (see Fig. S8. in
supplementary material). Our theoretical results for H-SARP
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FIG. 2. Differential rate constant for HD (v= 1, j = 2→ v′ = 1, j′ =
0) by collision with He as a function of the scattering angle. (a) even
(b) odd partial waves.
and X-SARP are still in close agreement with experiment even
if contributions from both even and odd partial waves are
included. The main difference is that the symmetry about
θ = 90◦ is now absent in the theoretical results. In the
analysis of the experimental results6, it was assumed that the
relative velocity dependence of the DCS is negligible, leading
to an additional assumption that the DCS is symmetric about
θ = pi/2 to explain the observed symmetry of the angular
distribution. However, this assumption is not fully valid as
DCS exhibits strong energy dependence, in particular in the
vicinity of resonances, and the experimental relative velocity
distribution is not sufficiently narrow to capture just the peak
of a single (partial wave) resonance.
In summary, we have carried out explicit quantum calcula-
tions of integral and differential cross sections for rotational
quenching of state prepared HD (v = 1, j = 2 → v′ =
1, j′ = 0) in collisions with He atoms at relative collision
energies below 10 K. Our results show a prominent l = 1
shape resonance near 0.2 cm−1 and a weak shoulder feature
from an l = 2 partial wave between 1-3 cm−1. These two
resonances control the stereodynamics of the j = 2 →
j′ = 0 rotational transition in HD. We have also identified a
universal trend for the stereodynamic preference in the low
energy regime for the integral cross section and its features
in the vicinity of an l = 1 resonance. It is found that the
interference effect due to cross terms in the square of modulus
of the scattering amplitude plays a critical role in determin-
ing the stereodynamic preference at higher energies where
higher-order partial wave contributes. This interference effect
alters the stereodynamic preference near an l = 2 resonance.
The angular distribution of the scattered HD molecule is
found to be strongly influenced by the l = 1 resonance. The
calculated angular distributions for the H-SARP and X-SARP
preparations are found to be in overall good agreement with
θ (dgrees)
0 30 60 90 120 150 180
0.2
0.3
0.4
d
K
(θ
)/
d
θ
(1
0−
12
cm
3
s−
1
/d
eg
re
e)
0.0
0.5
1.0
1.5
2.0
2.5
m = 0
|m| = 1
|m| = 2
FIG. 3. Differential rate constants for HD (v = 1, j = 2 → v′ =
1, j′ = 0) by collision with He as functions of the scattering angle
for different initial |m|-states of HD. Results include contributions
from both even and odd partial waves.
5experiment but do not depict a symmetric profile around
θ = 90◦ due to the strong energy dependence of the scat-
tering amplitude and the interference between even and odd
partial wave contributions. The V-SARP results also show
0 30 60 90 120 150 180
0.0
0.5
1.0
1.5
2.0
2.5
H-SARP (m = 0)
Theory
Experiment
0 30 60 90 120 150 180
0.0
0.5
1.0
1.5
2.0
2.5
d
K
(θ
)/
d
θ
(1
0−
12
cm
3
s−
1 /
d
eg
re
e)
X-SARP (|m| = 1)
Theory
Experiment
0 30 60 90 120 150 180
Scattering angle θ (degrees)
0.0
0.5
1.0
1.5
2.0
2.5
V-SARP
Theory
Experiment
FIG. 4. Differential rate constant for HD(v= 1, j = 2→ v′ = 1, j′ =
0) by collision with He as a function of the scattering angle. The
calculated results are shown by solid curves and the experimental
counts are shown by circles (by multiplying a constant factor of 4×
10−15). (a) H-SARP (m= 0) (b) X-SARP (|m|= 1) and (c) V-SARP.
broad agreement with experiment except that the central peak
reflects contributions from both even and odd partial waves
leading to a double peak structure. We believe, measurements
that include the energy dependence of the angular distribution
will allow a more accurate comparison with experiment.
SUPPLEMENTARY MATERIAL
See the supplementary material associated with this article
for computational details of the scattering calculation, partial
wave contributions in integral cross section, sensitivity to the
potential energy surface, universal trend in the stereodynamic
preference at low energies, relative velocity distribution of He
and HD, energy dependence of the differential cross section,
and low energy cutoff effect to the differential rate constants.
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Stereodynamics of rotationally inelastic scattering in cold He+HD collisions
Masato Morita and Naduvalath Balakrishnan
I. Computation (Scattering calculation)
The quantum mechanical scattering calculations are carried out with the MOLSCAT code (v.14)23 in the framework of the
time-independent scattering theory to address the rotational quenching of HD (v = 1, j = 2→ v′ = 1, j′ = 0) by collision with
He in cold energy regime. In Jacobi coordinates the Hamiltonian for the collision complex may be written (h¯= 1) as
Hˆ =− 1
2µR
d2
dR2
R+
lˆ2
2µR2
+HˆHD +Vint(R,r,γ), (S1)
where µ is the reduced mass of the He+HD complex (µ = 1.721871434 amu), lˆ is the orbital angular momentum operator for
the relative motion of the collision partners, and HˆHD is the ro-vibrational Hamiltonian for the isolated HD molecule. The
interaction potential Vint(R,r,γ) between He and HD is generated from the BSP3 potential energy surface (PES) for the HeH2
system.22
The time-independent Schrödinger equation for the scattering is numerically solved based on the close-coupling (CC) scheme
using the total angular momentum basis set for the angular variables in the space-fixed (SF) coordinate frame.25 The total
wavefunction is expanded as
ΨJM =
1
R ∑v, j,l
FJMv jl (R)
χ jv (r)
r
|JM(l j)> (S2)
where J is the quantum number for the total angular momentum Jˆ of the collision complex, M is the quantum number for the
projection Jˆz onto the SF z-axis, FJMv jl (R) are the radial expansion coefficients in R, χ
j
v (r) denote vibrational eigenfunctions of
HD with quantum numbers of v and j, and |JM(l j)> denote total angular momentum basis functions for describing the angular
degrees of freedom in the total wavefunction.
The coefficients FJMv jl (R) satisfy the CC equations obtained by substituting Eq. (S2) into the time-independent Schrödinger
equation Hˆ Ψ= EΨ, where E is the total energy:[ 1
2µ
d2
dR2
− l(l+1)
2µR2
+EC
]
FJv jl(R) = ∑
v′, j′,l′
∫ ∞
0
< J(l j)|χ jv (r)Vint(R,r,γ)χ j
′
v′ (r)|J(l′ j′)> dr. (S3)
Here, we omit M since the CC equations are independent of M. The collision energy EC is given by EC = E−Ev, j where Ev, j
denote the rovibrational energies of HD obtained by solving the following eigenvalue equation:[
− 1
2µHD
d2
dr2
+
j( j+1)
2µHDr2
+VHD(r)
]
χ jv (r) = Ev, jχ
j
v (r), (S4)
where µHD is the reduced mass of HD. For VHD(r) in the electronic ground state (X1Σ+g ), we adopt a modified Schwenke’s H2
potential energy curve reported by Boothroyd et al.29 Due to the conservation of the total angular momentum J of the collision
complex and the inversion parity εI = (−1) j+l , the CC equation are separated into independent blocks with respect to the values
of J and εI(=±1). In this paper, we solve CC equations with 8 J-blocks, Jmin = 0 to Jmax = 7.
To solve the CC equations we employ the modified log-derivative propagation method of Manolopoulos,35 and propagate the
log-derivative matrix from 2 to 50 Å with a step size of 0.05 Å. The S-matrix is obtained by matching to the usual scattering
boundary condition at each energy. The CC equations are solved at collision energies ranging from 10−6 to 10 cm−1.
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II. Partial wave contributions
The left panel in Fig. S1 shows the partial-wave resolved integral cross section (ICS) for HD (v = 1, j = 2→ v′ = 1, j′ = 0)
by collisions with He in which the initial HD is non-polarized (isotropic). It is seen that the primary resonance at 0.2 cm−1
originates from l = 1 and l′ = 1 and 3 (green curves). The weak shoulder between 1-3 cm−1 arises from l = 2 and l′ = 0, 2 and
4 (red curves). Importantly, at around the shoulder, the contributions from lower partial waves (l = 0 and 1) are not necessarily
negligible. For each l, the component associated with the highest possible l′ has the largest contribution but other lower l′
components are also important to describe the resultant total ICS, in particular, in the vicinity of the resonances. This indicates
the difficulty of describing the total ICS/DCS using only a single outgoing partial wave l′ component even for an enhanced
resonance like l = 1. In the right panel, we show the partial wave resolved energy dependent-rate constants obtained by
multiplying the integral cross section with the magnitude of relative velocity for the collision. In the Wigner threshold regime
where the s-wave dominates, the quenching cross section behaves as 1/
√
E, thus the rate constant becomes independent of the
collision energy.
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FIG. S1. Left panel: total and partial-wave resolved integral cross sections for HD (v = 1, j = 2→ v′ = 1, j′ = 0) by collisions with He
without preparation of the initial polarization of HD (isotropic). Right panel: energy dependent-rate constants obtained by multiplying the
integral cross section with the magnitude of relative collision velocity.
III. Sensitivity to potential energy surface
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FIG. S2. State-to-state integral cross sections for HD (v= 1, j = 2→ v′ = 1, j′ = 0) by collisions with He using three different HeH2 PESs:
BSP21 (left panel), BMP29 (middle panel) and MR30 (right panel). Initial HD orientation (m) dependence is displayed with red (m= 0), green
(|m|= 1), and blue (|m|= 2). Results for V-SARP preparation and isotropic collisions (non-polarized) are displayed in gray and black curves,
respectively.
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The scattering calculations are performed using the BSP3 PES which is the most accurate among available PESs for HeH2.
As discussed in the main text the BSP3 PES yields spectroscopic properties for He+H2 and He+HD in excellent agreement
with high precision experiments. To demonstrate that resonance features in the ICS are not sensitive to the choice of PES, we
show the energy dependence of the ICS obtained with three other PESs21,29,30 which have been published earlier than BSP3 and
widely used in previous calculations. These are Bakr, Smith and Patkowski (BSP) PES21, an improved version of Boothroyd,
Martin and Peterson (BMP) PES29, and a modified version of the Muchnick and Russek (MR) PES30. The improvement and
modification are given in Bakr et al.21 We see that both BSP and BMP results are essentially identical to the BSP3 results in
Fig. 1 (a) in the main text. While the MR results (right panel) show an overall shift to the lower magnitudes, the behavior of
the cross section including the resonance structure and initial orientation dependence is very similar to others. In all, the results
presented in the main text with the BSP3 PES are very stable and robust with respect to small changes in the PES. Thus, we can
expect that the qualitative nature of the results presented here will not change even with any future improvement of the PES.
IV Universal trend in stereodynamic preference at low energies
As discussed in the main text, the initial m-dependence of the ICS in collisions between a structureless atom and a 1Σmolecule
is qualitatively determined by the product of the following two 3-j symbols,(
j l J
m 0 −m
)(
j′ l′ J
m′ m−m′ −m
)
(S5)
In the present study, we consider the rotational quenching of HD ( j = 2,m→ j′ = 0,m′ = 0), and J = l′ due to j′ = 0, thus we
need to investigate the property of (
2 l J
m 0 −m
)(
0 J J
0 m −m
)
. (S6)
In the s-wave limit, only one term associated with l = 0 is effective in the scattering amplitude, i.e., l = 0, J = j = 2. The
resulting value is independent of m:(
2 0 2
m 0 −m
)(
0 2 2
0 m −m
)
=
(−1)−m√
5
× (−1)
−m
√
5
=
1
5
. (S7)
The initial orientation (m) independence comes from purely algebraic character of the scattering amplitude, thus the
m-independence of the ICS is universal for this class of atom-molecule systems in the low energy limit for the j = 2→ j′ = 0
quenching. We note that it is straightforward to show the m-independence for the quenching processes to j′ = 0 from arbitrary
excited initial states j with l = 0.
For j = 2, there are two terms associated with l = 1 in the scattering amplitude: J = l′ = 1 and J = l′ = 3. For the former, the
product of two 3-j symbol becomes34(
2 1 1
m 0 −m
)(
0 1 1
0 m −m
)
=
(−1)−m√4−m2√
30
× (−1)
1−m
√
3
=
−√4−m2√
90
. (S8)
Since the square of the modulus of the scattering amplitude determines the magnitude of the cross section, the ratio of the ICS
is 4:3 for m= 0 vs |m|= 1, and |m|= 2 results in 0. For the J = l′ = 3 case,34(
2 1 3
m 0 −m
)(
0 3 3
0 m −m
)
=
(−1)1+m√9−m2√
105
× (−1)
1−m
√
7
=
√
9−m2√
735
. (S9)
The ratio of the ICSs becomes 9:8:5 for m = 0, |m| = 1 and |m| = 2, respectively. Importantly, the stereodynamic preference
is similar for both J = 1 and 3, and the ICS displays the following trend in low energy regime: m = 0 (H-SARP) > |m| = 1
(X-SARP) > (V-SARP) > |m| = 2. However, the relative contribution between J = 1 and 3 is system and energy dependent
because it is determined by the values of the respective T-matrix elements.
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V. Relative velocity distribution
To directly compare with the experimentally observed angular distribution of inelastically scattered HD reported by Perreault
et al.,6 we average our computed DCS with the relative velocity distribution obtained from the velocity distributions reported by
Perreault et al. The velocities v (m/s) of HD and He are expressed as Gaussian functions in their supplementary material as
P(vHD;µHD,σ2HD) =
1√
2piσHD
exp{− (vHD−µHD)
2
2σ2HD
} and P(vHe;µHe,σ2He) =
1√
2piσHe
exp{− (vHe−µHe)
2
2σ2He
}, (S10)
where µHD = 1978 and σHD = 76/
√
2 for HD and µHe = 1902 and σHe = 87/
√
2, respectively. The parameters µ, σ , and
v are in units of m/s. While the Gaussian normalization factor of 1/(
√
2piσ) is omitted in the supplementary material of the
experimental paper, the factor is explicitly included in Eq. (S10) for completeness (Fig. S3 left panel).
The distribution of the relative (1D) velocity vr of HD with respect to He (vr = vHD− vHe) is obtained by the convolution of
the above velocity distributions. The distribution of vr given by the convolution of the Gaussians is a Gaussian as a consequence
of the reproductive property of normal distribution:
P(vr) =
∫ ∞
−∞
P(vHD;µHD,σ2HD)P(vHD− vr;µHe,σ2He)dvHD =
1√
2pi(σ2HD +σ2He)
exp{− (vr− (µHD−µHe))
2
2(σ2HD +σ2He)
}
= P(vr;µHD−µHe,σ2HD +σ2He).
(S11)
The resulting experimentally derived relative velocity distribution6 is shown in the right panel of Fig. S3. As described in the
supplementary materials of Ref. [6], the distribution is asymmetric about zero and the contributions of positive and negative
relative velocities are 82.4% and 17.6%, respectively. This result is consistent with the velocity distributions in the left panel
since the distribution for HD expands in a slightly higher velocity region compared to He.
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FIG. S3. Left panel: velocity distributions for HD and He. Right panel: relative velocity distribution between HD and He.
As shown in the main text, we can obtain the angular distribution of inelastically scattered HD in the form of differential rate
constant (dK/dθ ) from the relative velocity distribution P(vr) and the DCS (dσ/dθ ) as follows8;
dK(θ)
dθ
=
∫ ∞
0
|vr|P(vr)dσ(θ)dθ dvr+
∫ 0
−∞
|vr|P(vr)dσ(pi−θ)dθ dvr. (S12)
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V. Energy dependence of differential cross section
The differential cross section (DCS) (dσ/dθ ) in Eq. (S12) has an energy dependence due to the energy dependence of the
S-matrix in the scattering amplitudes and the 1/k2 factor, where k is the magnitude of the wave vector in the incident channel.
The S-matrix elements exhibit strong energy dependence in the vicinity of scattering resonances. In Figs. S4 to S7 we show the
energy dependence of the DCS in the relevant energy region with various initial HD orientations (figures start from the page S6).
Indeed, we see a significant energy dependence of the DCS around the resonances.
VI. Low energy cutoff effect on the differential rate constant
In Fig. 3 of the main text, we compared the velocity averaged angular distributions with the experimental results. In the
velocity average we restricted the lower limit of |vr| to∼ 12 m/s (Emin = 0.01 cm−1) in the integrals in Eq. (S12). To demonstrate
that this cutoff for the lower energy limit (lower/upper velocity limits for the integrals in Eq. (S12)) has no significant effect on
the final results, we show results with no restriction on the lower limit (Emin ∼ 0 cm−1) and with Emin = 0.5 cm−1 (|vr|∼ 83
m/s) and 1.0 cm−1 (|vr|∼ 118 m/s) in Fig. S8 (page S10). For H-SARP and X-SARP, the results without energy cutoff exhibit
better overall agreement with experiments compared to those with cutoff values of 0.5 and 1.0 cm−1. On the other hand, for
V-SARP, the peak at θ = 90◦ is more accurately described with an energy cutoff of 0.5 cm−1 or 1.0 cm−1.
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FIG. S4. Differential cross section for rotational quenching of oriented HD (v= 1, j = 2,m= 0 : HSARP) to (v′ = 1, j′ = 0) by collision with
He at selected collision energies. Note that the range of the vertical axis depends on the collision energy. At Ec = 10−6 and 10−5 cm−1, the
cross section is scaled by factors of 0.25 and 0.5, respectively.
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FIG. S5. Differential cross section for rotational quenching of oriented HD (v = 1, j = 2,m = 1 or − 1 or X-SARP(m = ±1) to
(v′ = 1, j′ = 0) by collision with He at selected collision energies. Note that the range of the vertical axis depends on the collision energy. At
Ec = 10−6 and 10−5 cm−1, the cross section is scaled by factors of 0.25 and 0.5, respectively.
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FIG. S6. Differential cross section for rotational quenching of oriented HD (v= 1, j = 2,m= 2 or −2) to (v′ = 1, j′ = 0) by collision with He
at selected collision energies. Note that the range of the vertical axis depends on the collision energy. At Ec = 10−6 and 10−5 cm−1, the cross
section is scaled by factors of 0.25 and 0.5, respectively.
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FIG. S7. Differential cross section for rotational quenching of aligned HD with V-SARP preparation, the HD bond axis aligned vertical to the
initial relative velocity, (v= 1, j= 2 : V-SARP) to (v′ = 1, j′ = 0) by collision with He at selected collision energies. Note that the range of the
vertical axis depends on the collision energy. At Ec = 10−6 and 10−5 cm−1, the cross section is scaled by factors of 0.25 and 0.5, respectively.
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FIG. S8. Differential rate constant for HD(v = 1, j = 2→ v′ = 1, j′ = 0) by collision with He as a function of the scattering angle. The
calculated results are displayed with solid curves and the experimental counts are shown by circles (a) H-SARP (m= 0) (b) X-SARP (|m|= 1)
and (c) V-SARP.
Upper panels: without a cutoff for the lower energy limit for the integrals in Eq. (S12) (Experimental results are multiplied by a constant factor
of 4×10−15).
Middle panels: with a lower energy cutoff of 0.5 cm−1 for the integrals in Eq. (S12) (Experimental results are multiplied by a constant factor
of 1.3×10−15).
Bottom panels: with a lower energy cutoff of 1.0 cm−1 for the integrals in Eq. (S12) (Experimental results are multiplied by a constant factor
of 0.7×10−15).
